The low-molecular-mass GTP-binding proteins enPosttranslational modification with the geranygera-coded by the Rab gene family play important roles in nyl moiety is essential for the ability of Rab GTPases protein trafficking in eukaryotic cells. More than 50 to control processes of membrane docking and fusion. Rabs have been identified in the human genome (1). This modification is conferred by Rab geranylgeranyl-Individual Rab proteins have been implicated as essentransferase (RabGGTase), which catalyzes the transfer tial mediators of vesicle targeting and fusion events (2, of two 20-carbon geranylgeranyl groups from geranylg-3). For their function, Rab proteins require modification eranyl pyrophosphate onto C-terminal cysteine resi-with geranylgeranyl isoprenoids, which allows them dues of Rab proteins. The enzyme consists of a catalytic to reversibly associate with membranes in a tightly ␣ /␤ heterodimer and an accessory protein termed Rab controlled fashion. Covalent attachment of geranylgerescort protein (REP-1) that delivers the newly preny-anyl groups to two C-terminal cysteines is catalyzed lated Rab proteins to their target membrane. In order by Rab geranylgeranyltransferase (RabGGTase or to understand the structural basis of Rab prenylation, GGTase-II).
round of catalysis, the monoprenylated REP:Rab com-Overexpression and Purification of RabGGTase, Rab7S205C, and REP-1 plex remains tightly associated with RabGGTase (7) . Upon conjugation of the second isoprenoid, the release RabGGTase. Expression of RabGG/Tase is deof the double prenylated Rab:REP complex from RabG-scribed in detail elsewhere (16) . In brief, pGATEV␣ and GTase is stimulated by binding of a third GGpp mole-pET30␤ plasmids were cotransformed into BL21(DE3) cule (6) . REP chaperons prenylated Rab protein to its CodonPlus-RIL cells and transformants were selected target membrane upon its release from RabGGTase on LB/ampicillin (125 g/ml), kanamycin (35 g/ml) (6, 8) .
and chloramphenicol (25 g/ml) agar plates. For expresInterest in Rab prenylation has increased dramati-sion of RabGGTase transformed cells were grown on cally following the finding that mutations in REP-1 lead LB medium at 37ЊC, induced when the OD 600 was close to an X-linked disease known as choroideremia (CHM) to 0.9, and then incubated at 20ЊC for 12 h. After cell (9, 10) . This disease manifests itself in chorioretinal growth, cells were pelleted and lysed, and the resulting degeneration leading to progressive night blindness homogenate was clarified by centrifugation. The purifiand loss of peripheral vision and invariably culminating cation was carried out on a 5-ml HiTrap Ni-NTA colin blindness. It was observed that in CHM patients a umn (Pharmacia) according to the manufacturer's insubset of Rab proteins remains unprenylated and thus structions. Fractions containing RabGGTase were nonfunctional (11) . Moreover, mutations in the gene pooled and the 6His-GST tag was cleaved off with TEV encoding the ␣ -subunit of RabGGTase were shown to protease. Upon cleavage, the protein was passed twice cause another type of Rab prenylation deficiency lead-over a 5-ml HiTrap Ni-NTA column (Pharmacia) in ing to Hermansky-Pudlak syndrome (HPS) (12) . HPS order to remove the polyhistidine tags and TEV protepatients exhibit hypopigmentation (partial albinism), ase. The flowthrough of the column, containing RabGGprolonged bleeding, ceroid deposition in lysosomes, and Tase, was dialyzed against 25 mM Hepes, pH 7.2, 25 reduction in killing capacity of cytotoxic T cells.
mM NaCl, and 5 mM DTT; concentrated; and stored in The structure of RabGGTase has been solved recently multiple aliquots at Ϫ80ЊC. Purification of the enzyme (13) . The ␤ -subunit consists of an ␣ -␣ barrel and forms with intact GST tag was performed as described (16) . the isoprenoid binding site, which is very similar to REP-1. REP-1 was expressed and purified as dethat of FTase (13, 14) . The ␣ -subunit is larger than scribed (17). Briefly, Sf21 cells were infected with rethat found in other prenyl transferases, bearing two combinant baculovirus encoding REP-1, grown, lysed additional domains of unknown function: a leucine-rich by sonication, and the 100,000g supernatant was subrepeat and an immunoglobulin-like domain. Despite jected to Ni-NTA affinity chromatography. The Hisnumerous attempts to solve the structure of REP-1 eitagged REP-1 was dialyzed against a buffer containing ther alone or in a complex with other molecules, little 25 mM Hepes, pH 7.2, 10 mM NaCl, and 2 mM ␤ -progress was made in this direction (Seabra, personal mercaptoethanol and concentrated using Centripreps communication; Alexandrov unpublished NaCl, 5mM DTE. Fractions of 4 ml were collected and analyzed by SDS-PAGE followed by Coomassie blue MATERIALS AND METHODS staining. Fractions containing pure REP-1 were pooled Materials and concentrated. Protein was more than 95% pure as judged by SDS-PAGE and was stored in multiple The plasmid vector pET30a was from Novagen. The aliquots at Ϫ80ЊC. vector pGATEV was a derivative of pHAT (15, 16) . ExRab7C205S. Rab7C205S was expressed and puripression was achieved in Escherichia coli strain fied essentially as described (17). The plasmid was BL21(DE3) CodonPlus-RIL (Stratagene). Synthetic olitransformed into E. coli BL21(DE3) strain and cells gonucleotides were obtained from MWG-Biotech were grown and induced with IPTG as described before. (Germany).
His-tagged Rab7 mutant was purified on 5 ml HiTrap Ni-NTA column (Pharmacia) according to the manufac-
Construction of Expression Plasmids
turer's instructions. Eluates were analyzed by SDS-PAGE followed by Coomassie blue staining. Fractions Construction of the pET19mod-Rab7S205C expression vector is described elsewhere (17). Construction of containing Rab7 were pooled and protein was precipitated with ammonium sulfate at saturating concentraexpression vectors pGATEV-GGTase ␣ -subunit (pGA-TEV-␣ ) and pET 30-GGTase-␤ subunit is described else-tions and pelleted by centrifugation at 21,000g for 15 min. The supernatant was discarded and the protein where (16) . Construction of pBlue-Bac-REP-1 baculoviral expression vector is described elsewhere (18) .
pellet was resuspended in 5 ml of 25 mM Na 2 HPO 4 , pH 8.0, 2 mM EDTA, and 5mM ␤ -mercaptoethanol. TEV middle viscose (Bayer) as chamber sealant were used. Hanging drops contained 2 l of a 13 mg/ml protein protease was added to the sample at a 1:20 molar ratio and cleavage was performed as described above. Fur-solution mixed with 2 l of reservoir solution consisting of 17-21% PEG 3350 (Hampton Research), 150 mM ther purification was performed on a Superdex 75 16/ 60 gel filtration column preequilibrated with 50 mM KSCN (Fluka), 50 mM NaSCN (Fluka), 50 mM Tris (Fluka), pH 6.7. For macroseeding, fresh drops conHepes, pH 7.2, 50 mM NaCl, 2 mM MgCl 2 , 5 mM DTE, 100 M GDP. Fractions containing pure protein were taining 4 l of a 13 mg/ml protein solution and 4 l of reservoir solution consisting of 28% PEG 3350 (Hamppooled, concentrated using Centripreps 10 (Amicon), and stored in multiple aliquots at Ϫ80ЊC. Typical purity ton Research), 150 mM KSCN (Fluka), 50 mM NaSCN (Fluka) were inoculated with microcrystals. The macof the protein was over 95% as judged by Coomassie blue staining and mass spectrometry.
roseeding procedure was repeated several times until satisfactory crystals were obtained. MALDI/TOF measurements were carried out in a min, diluted to 6 ml with the same buffer containing 5% Perkin-Elmer Voyager TM station with the instrument Chaps, and applied to a 5-ml glutathione-Sepharose set in positive ion mode. Samples were desalted by gel (Pharmacia) column at 4ЊC. The column was developed filtration on the Centriflex cartridges (EdgeBioSysby gravity flow and subsequently washed with 5 ml of tems) equilibrated with distilled water. For measurethe reaction buffer. The flowthrough of the column was ments, a protein sample was diluted in the saturated loaded onto a 26/60 Superdex-200 gel filtration column solution of 3,5-dimethoxy-4-hydroxycinnamic acid in equilibrated with 50 mM Hepes, pH 7.2, 50 mM NaCl, 70% acetonitrile/0.3% TFA. 2 mM MgCl 2 , 5 mM DTE, 100 M GDP buffer. The flow rate was 2 ml/min and fractions of 4 ml were collected and analyzed by SDS-PAGE followed by Coomassie RESULTS AND DISCUSSION staining. Fractions containing the binary REP-1:Rab7
The objective of this work was to crystallize REP-1 complex were pooled, concentrated to ca. 10 mg/ml. in complex with the Rab7 protein and solve its structure by X-ray crystallography. In general, crystallization of In Vitro Assembly and Purification of the protein complexes is an intricate and largely empirical RabGGTase:REP-1:Rab7C205S(G) Complex procedure. Yet several factors appear to positively influIn order to assemble the monoprenylated ternary ence the outcome of crystallization trials. Among the complex in vitro, 50 nmol of purified REP-most important ones are homogeneity of the sample 1:Rab7C205S(G) complex was mixed with 100 nmol of and strong interaction of components of the protein RabGGTase in 7 ml of 40 mM Hepes, pH 7.2, 150 mM complex. For our initial trials, we chose the doubly preNaCl, 5 mM DTE, 3 mM MgCl 2 , 100 M GDP. The nylated REP-1:Rab7 complex based on the premise that mixture was loaded onto a 26/60 Superdex-200 gel fil-the prenylated C-terminus should be tightly bound to tration column equilibrated with the same buffer. The the REP-1 molecule by hydrophobic interactions (16, flow rate was 2 ml/min and fractions of 4 ml were col-19). The presence of geranylgeranyl groups is believed lected and analyzed by SDS-PAGE followed by Coo-to increase the affinity of the interaction and constrain massie staining. Fractions containing the ternary Rab-the otherwise disordered C-terminus of Rab7 (20). HowGGTase:REP-1:Rab7C205S(G) complex were pooled, ever, we were unable to obtain crystals of this complex concentrated to ca. 13 mg/ml, snap-frozen in liquid ni-(Rak and Alexandrov, unpublished) and attempted crystrogen, and stored at Ϫ80ЊC.
tallization of the ternary doubly prenylated RabGGTase:REP-1:Rab7 in view of the high affinity (ca. 2 nM) Crystallization and X-Ray Analysis of of RabGGTase for its reaction product (6, 7). We specu-
RabGGTase:REP-1:Rab7C205S(G) Complex
lated that the presence of RabGGTase in the complex might result in formation of different protein:protein Crystals were obtained by the hanging drop vapor diffusion method. For crystallization, 24-well crystal contacts in the crystal and facilitate crystallization.
Nevertheless we failed to obtain the desired crystals Linbro plates with raised covers (ICN), 22-mm siliconized cover slips (Hampton Research), and Silicon paste (Rak and Alexandrov, unpublished). We suspected that prenylation of Rab7 was not completely homogeneous, used a four-step in vitro prenylation procedure which is summarized in Fig. 1 . leading to a mixed population of ternary complexes. In order to increase the homogeneity of the ternary comPreparative in Vitro Prenylation and Purification of plex preparation, we chose to generate singly prenyRab7C205S:REP-1 Complex lated ternary complex using a single cysteine mutant of Rab7 (7). An additional reason for using the monoSince the very C-terminal cysteine is preferentially prenylated complex was the fact that, unlike the doubly prenylated by RabGGTase in the first step of the prenyprenylated ternary complex, the monoprenylated com-lation reaction we chose the mutant of Rab7C205S in plex was not dissociated by the presence of GGpp (6, which only cysteine 207 is available for prenylation 7). This allowed us to conduct the crystallization trials (7) . For preparative in vitro prenylation, the REPin the presence of the lipid substrate. Since there is no 1:Rab7C205S complex was mixed with excess of GSTrecord of successful production of monoprenylated Rab RabGGTase and GGpp. The reaction mixture was incuproteins in insect cells, we resorted to an in vitro preny-bated at 37ЊC for 3 min and then diluted with Chapslation approach, owing to the availability of the recom-containing buffer. The presence of Chaps is critical, binant protein components (8, 16 ). For preparative pro-since it assists dissociation of the prenylated enzyme:substrate complex but has limited influence on duction of the monoprenylated ternary complex, we the Rab:REP-1 interaction (5) (Alexandrov, unpublished). GST-GGTase was removed from the reaction mixture on a glutathione-Sepharose column. The separation was highly efficient and more than 80% of GSTGGTase was retained on the beads (Fig. 2) . In order to remove remaining GST-GGTase and detergent, the supernatant was resolved on a preparative Superdex 200 column. As can be seen in Fig. 3 , Rab7C205S:REP-1 eluted with an apparent molecular mass of around 100 kDa and was clearly separated from the minor peak of the ternary complex, unprenylated Rab7, and impurities. Fractions containing the prenylated Rab7 C205S:REP-1 complex were pooled and concentrated. The molecular weight was determined by MALDI/TOF mass spectroscopy. The observed molecular weight of 23,990 Da matched closely the calculated mass of monogeranylgeranylated Rab7 (23,956 Da) (Figs. 4A and  4) . The peak corresponding to REP-1 was detected at the expected position corresponding to the mass of 73,202 Da (data not shown). Using this approach, we were able to obtain ca. 8 mg of pure monoprenylated Rab7 C205S:REP-1 complex. the ternary complex, while the second was eluted at a position corresponding to ca. 90 kDa and contained only the ␣ /␤ subunits of RabGGTase. The elution positions are consistent with previous observations (17). The protein complex was over 90% pure as judged by Coomassie blue staining of the SDS-PAGE gel. Fractions containing the ternary complex were collected, concentrated and snap frozen in liquid nitrogen. The frozen complex was stable for at least 6 months.
Crystallization of Monoprenylated RabGGTase:REP-1:Rab7C205S Complex and Data Collection
For crystallization trials, the protein sample was thawed on ice and set up using the hanging drop vapor diffusion method in 24-well plates. Hanging drops con- week. These crystals were used for macroseeding into of the ternary complex (Thomä and Alexandrov, unpublished). fresh drops containing 4 l of a 13 mg/ml protein solution and 4 l of reservoir solution consisting of 28% PEG 3350, 150 mM KSCN, and 50 mM NaSCN. The macroseeding procedure was repeated several times, CONCLUSION until 50 ϫ 250 ϫ 250-m crystals were obtained (Fig.  6) . The presence of all subunits of the ternary complex
In vitro prenylation provides a reliable source of pure in the crystals was confirmed by SDS-PAGE analysis and homogeneous monoprenylated RabGGTase:REPof dissolved crystals (data not shown). Crystals were 1:Rab7C205S complex. Using this approach, ca. 10 mg frozen and mounted for the diffraction analysis. We of pure complex were obtained. The generated complex were able to obtain a diffraction pattern to ca. 8 Å was crystallized, yielding crystals amenable to X-ray using Cu K ␣ radiation generated with an Enraf-Nonius analysis. This is the first approach described that rotating anode FR591 equipped with mirror optics and allows crystallization of the entire RabGGTase proan image plate detector. Although the level of resolution tein:substrate complex. It is likely that crystals diffractis not immediately suitable for structure determina-ing to higher resolution can be obtained by a combination, it indicates that the entire protein:substrate com-tion of optimized crystallization conditions and plex of RabGGTase is amenable to X-ray analysis. Sev-protein engineering. eral approaches are currently being taken to increase the resolution of the crystals. These include controlled dehydration of the crystals, reengineering of REP-1 ACKNOWLEDGMENTS molecule, and generation of ternary complexes conStefan Uttich is acknowledged for invaluable technical assistance. molecule has a dramatic impact on the crystallization
